Abstract: Ultracompact chip-integrated all-optical diode is realized experimentally in a plasmonic microstructure, consisting of a plasmonic waveguide side-coupled two asymmetric plasmonic composite nanocavities covered with a multicomponent nanocomposite layer, formed directly in a plasmonic circuit. Extremely large optical nonlinearity enhancement is obtained for the multicomponent nanocomposite cover layer, originating from resonant excitation, slow-light effect, and field enhancement effect. Nonreciprocal transmission was achieved based on the difference in the shift magnitude of the transparency window centers of two asymmetric plasmonic nanocavities induced by the signal light, itself, for the forward and backward propagation cases. An ultralow threshold incident light power of 145 μW (corresponding to a threshold intensity of 570 kW/cm 2 ) is realized, which is reduced by seven orders of magnitude compared with previous reports. An ultrasmall feature size of 2 μm and a transmission contrast ratio of 15 dB are obtained simultaneously.
Ultracompact chip-integrated all-optical diode, possessing unique nonreciprocal transmission properties, is an essential and core component of optical computing system, ultrahigh-speed information processing chips, and optical communication networks [1] . For the practical on-chip integration applications, the all-optical diode should possess the following key characteristics: ultrasmall feature size, ultralow threshold power, high isolation ratio, and on-chip trigger [2, 3] . The basic idea of realizing chip-integrated all-optical diode is to break the time-reversal symmetry by using indirect interband photonic transition [4] [5] [6] [7] , angular-momentum biasing [8] , magneto-optic effect [9] [10] [11] [12] [13] [14] , third-order optical nonlinearity [15] [16] [17] [18] , in dielectric photonic microstructures with broken spatial-reversal symmetry, including asymmetric photonic crystal heterostructures and asymmetric silicon ring resonators [19, 20] . The large size of dielectric photonic microstructures limits the practical on-chip integration applications of an all-optical diode [21] . Moreover, owing to the relatively small third-order nonlinear optical susceptibility of conventional organic and semiconductor materials, the threshold operation intensity is as high as GW/cm 2 order for the all-optical dielectric diode realized based on third-order optical nonlinearity [15] [16] [17] [18] [19] [20] . Plasmonic microstructures possess the unique ability of confining light into deep-subwavelength scale and strong field reinforcement effect, which provides an excellent platform for the realization of nanoscale chipintegrated photonic devices [22] . Various schemes have been proposed to demonstrate chip-integrated all-optical diode in plasmonic microstructures, such as using graded plasmonic chains based on full retardation effect [23, 24] , magnetized spiral chains of plasmonic ellipsoids based on interplay between the Faraday rotation and the geometrical spiral rotation under excitation of a longitudinal magnetic field [25] , one-way electromagnetic modes at the interface between two dissimilar plasmonic metals (or a dielectric photonic crystal and a plasmonic metal) under excitation of a static magnetic field [26, 27] , or nonlinear plasmonic crystals [28] , In 2011, Fan et al. reported an electromagnetic diode with a transmission contrast of 14.7 dB in a microwave transmission line consisting of three metallic ring resonators and a varactor [29] . In 2013, Sun et al. achieved an electromagnetic diode with a transmission contrast of 17.36 dB in a microwave waveguide system with asymmetric absorption and a varactor as a nonlinear medium [16] . However, up to now, little attention has been paid to the chip-integrated all-optical diodes based on plasmonic microstructures in the nearinfrared and optical communication ranges.
Here, we report the realization of a nanoscale chipintegrated all-optical diode with an ultralow threshold power and ultrasmall feature size in a plasmonic microstructure etched directly in a plasmonic circuit operating in the near-infrared range. The plasmonic microstructure consisted of a plasmonic waveguide side-coupled two asymmetric plasmonic composite nanocavities covered with a 150-nm-thick multicomponent nanocomposite layer made of poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) doped with organic chromophore IR140 and gold nanoparticles (nanoAu:(IR140:MEH-PPV)). Wang et al. and Lu et al. have pointed that a composite plasmonic microcavity could provide multiple microcavity resonance modes [30, 31] . Piao et al. also noted that a microcavity mode strongly coupled to the bus waveguide forms a superradiant mode, while a microcavity mode weakly coupled to the bus waveguide forms a subradiant mode [32] . The destructive interference coupling between the two excitation pathways (direct excitation of the superradiant microcavity mode, and then excitation of the subradiant microcavity mode through the superradiant microcavity mode) could produce on-chip plasmon-induced transparency in plasmonic circuits [33] . The multicomponent nanocomposite nano-Au:(IR140:MEH-PPV) provided a large third-order optical nonlinearity due to enormously strong nonlinearity enhancement associated with resonant excitation, slow-light effect, and field enhancement effect provided by plasmonic microcavity modes. Nonreciprocal transmission was achieved based on the difference in the shift magnitude of the transparency window centers of two asymmetric plasmonic nanocavities induced by the signal light, itself, for the forward and backward propagation cases. An ultralow threshold incident light power of 145 μW (corresponding to a threshold intensity of 570 kW/cm 2 ) is realized, which is reduced by seven orders of magnitude compared with previous reports [15] [16] [17] [18] [19] [20] . An ultrasmall feature size of 2 μm and an isolation ratio of 15 dB are obtained simultaneously. This work not only provides an on-chip platform for the foundational study of nonlinear optics and quantum optics but also paves the way for the realization of ultrahigh-speed information processing chips based on plasmonic circuits.
The plasmonic microstructure, consisting of two nanocavities with a depth of 150 nm, was side-coupled to a bus plasmonic waveguide etched in a 300-nm-thick gold film deposited on a SiO 2 substrate, as shown in Figure 1A . Both the width and depth of the plasmonic waveguide were 150 nm. The nanocavity C1 was formed by two asymmetrically crossed nanogrooves. The length and width were 330 and 150 nm for the horizontal nanogroove in the Y and X direction, and 320 and 150 nm for the vertical nanogroove in the X and Y direction. The distance between the centers of the horizontal and vertical nanogrooves was 35 nm in the vertical direction and 40 nm in the horizontal direction. The nanocavity C2 was also formed by two asymmetrically crossed nanogrooves. The difference between the horizontal nanogrooves in the nanocavity C1 and C2 was the length of the horizontal nanogroove in C1, which is 50 nm less than that of C2. The size of the vertical nanogroove in the nanocavity C2 is the same as the one in C1. The distance between the centers of the horizontal and vertical nanogrooves was 35 nm in the vertical direction and 70 nm in the horizontal direction. The distance between nanocavities C1 and C2 was 2 μm. The 300-nm-thick gold film was fabricated by using a laser molecular beam epitaxy growth system (Model LMBE 450, SKY Company, China). The beam (with a wavelength of 248 nm and a pulse width of 25 ns) output from an excimer laser system (Model COMPexPro 205, Coherent Company, USA) was used as the light source. A focused ion beam etching system (Model Helios NanoLab 600, FEI Company, USA) was used to prepare the plasmonic microstructure. The scanning electron microscopy (SEM) image of the plasmonic microstructure sample without the multicomponent nanocomposite cover layer is shown in Figure 1B . To effectively excite and collect the required surface plasmon polaritons (SPPs), we fabricated a coupling grating etched through the gold film, connected to a 150-nm-deep triangular air groove in the input port of the plasmonic waveguide. The photon-to-SPP coupling efficiency of the input-coupling grating was more than 7% in a wideband wavelength range from 740 to 860 nm. A decoupling grating with a depth of 150 nm was also etched in the output port of the plasmonic waveguide to help couple the SPP mode into free space for the purpose of measurement. We also calculated the power density profile of the SPP mode in the plasmonic composite nanocavity C1 having the multicomponent nanocomposite cover layer excited by an 800-nm continuous-wave (CW) incident light using the finite element method (adopting a commercial software COMSOL Multiphysics) [33] , and the calculated results are shown in Figure 1C . The guided SPP mode was mainly confined in the nanogroove region and extended into the upper multicomponent nanocomposite cover layer, which indicates that the plasmonic nanocavity resonance modes are very sensitive to the refractive index change of the multicomponent nanocomposite cover layer. The doping concentration was 15% for IR140 and 20% for gold nanoparticles in the multicomponent nanocomposite nano-Au:(IR140:MEH-PPV). The gold nanoparticles have a configuration of nanoflowers, having a solid core connected with abundant spike-shaped tips with a length ranging from 10 to 20 nm, as shown in Figure 1D . The measured linear absorption spectrum of the gold nanoparticle colloid is shown in Figure 1E . There is a broad linear absorption band ranging from 500 to 900 nm, centered at 750 nm, which corresponds to the surface plasmon resonance (SPR) wavelength of gold nanoparticles [34] . The measured linear absorption spectrum of a 150-nm-thick organic IR140:MEH-PPV film is shown in Figure 1F . Two linear absorption bands, one ranging from 200 to 580 nm (originating from the linear absorption of MEH-PPV) [35] , while another ranging from 650 to 880 nm (originating from the linear absorption of IR140) [36] , were obtained. The SPR peak of gold nanoparticles drops in the linear absorption band of IR140. Measured closed-aperture Z-scan curves of a 150-nm-thick nano-Au:(IR140:MEH-PPV) multicomponent nanocomposite layer by using a 120-fs, 800-nm laser beam. The value of the nonlinear refractive index was measured to be −1.3 × 10 −4 cm 2 /kW, which is eight orders of magnitude larger than that of SiO 2 , 1 × 10 −12 cm 2 /kW [37] . This means that the multicomponent nanocomposite nano-Au:(IR140:MEH-PPV) has excellent third-order optical nonlinearity. We also measured the closed aperture Z-scan data measured at different incident powers, and the same value of the nonlinear refractive index was obtained. Quarterman et al. have pointed out that as an intrinsic material parameter, the value of the nonlinear refractive index was independent of the incident light power [38] .
To study the on-chip plasmon-induced transparency provided by the plasmonic composite nanocavity C1, we measured the linear transmission spectra of the plasmonic waveguide side-coupled plasmonic composite nanocavity C1 having the multicomponent nanocomposite nano-Au:(IR140:MEH-PPV) cover layer by using a microspectroscopy measurement system [33] . A p-polarized CW Ti:sapphire laser system (Model Mira 900F, Coherent Company, USA) was used as the light source. The line width of the laser spectrum curve was only 1.7 nm, which ensures that only the required quasi-monochromatic SPP mode can be excited in the plasmonic waveguide. The coupling grating was normally illuminated from the back side. The optically thick gold film can prohibit direct transmission of the incident laser beam. The SPP mode that propagated through the plasmonic waveguide was scattered using the decoupling grating in the output port.
The scattered light was collected using a long working distance objective (Mitutoyo 20, NA = 0.58) and then imaged using a charge-coupled device (CCD). The linear transmission was normalized with respect to a reference straight plasmonic waveguide, as shown in Figure 2A , which is the standard method used to study the linear transmission properties of plasmonic microcavities [39] . The spot size of the incident laser beam was 9 μm, which ensures nearly equal average excitation intensities for the coupling gratings of both the composite nanocavity sample and the reference waveguide. Limited by the tunable wavelength range of the Ti:sapphire laser system, we only measured the linear transmission spectrum in the wavelength range changing from 700 to 900 nm. A sharp and high transmission peak appeared in the transmission forbidden band, which implies the formation of plasmon-induced transparency, as shown in Figure 2B . Wang et al. and Lu et al. have pointed that a composite plasmonic microcavity could provide multiple microcavity resonance modes [30, 31] . Piao et al. also noted that a microcavity mode strongly coupled to the bus waveguide forms a superradiant mode, while a microcavity mode weakly coupled to the bus waveguide forms a subradiant mode [32] . The destructive interference coupling between the two excitation pathways (direct excitation of the superradiant microcavity mode, and then excitation of the subradiant microcavity mode through the superradiant microcavity mode) could produce on-chip plasmon-induced transparency in plasmonic circuits [33] . The central wavelength and the peak transmission of the transparency window were 813 nm and 82%, respectively, which are in good agreement with the values calculated using the finite element method, as shown in Figure 2C . To confirm the slow light effect around the transparency window, we calculated the group refractive index as a function of incident light wavelength for the plasmonic waveguide side-coupled plasmonic composite nanocavity C1 having the nano-Au:(IR140:MEH-PPV) cover layer, and the calculated results are shown in Figure 2D . It is very clear that excellent slow-light effect could be achieved around the transparency window. To study the all-optical tunability of the plasmon-induced transparency, we measured transmission changes of the 813-nm, 120-fs incident light (with a pulse repetition rate of 76 MHz) as a function of incident power in the plasmonic waveguide side-coupled plasmonic composite nanocavity C1 having the nano-Au:(IR140:MEH-PPV) cover layer, and the measured results are shown in Figure 2E . When the incident power increased from 6 to 75 μW, the transmission of the incident light decreased from 82% to 10%. The wavelength of 813 nm was located in the center of the transparency window. According to the third-order nonlinear optical Kerr effect, the effective refractive index n of nano-Au:(IR140:MEH-PPV) can be calculated by [40] 
where n 0 , n 2 , and Reχ (3) are linear and nonlinear refractive indices, and real part of the third-order nonlinear susceptibility of the nanocomposite material, respectively. ε 0 is the permittivity of a vacuum, c is the light velocity in a vacuum, I is the pump intensity. Owing to the negative value of the multicomponent nanocomposite nano-Au:(IR140:MEH-PPV), the refractive index of nanoAu:(IR140:MEH-PPV) decreased with the increase in the incident light power, which makes the resonance modes provided by the plasmonic nanocavity C1 shifts in the short wavelength. As a result, the transparency window center shifts in the short wavelength direction, and subsequently, the incident light transmission decreases. When the incident power was 75 μW, the transmission minimum in the long-wavelength direction shifted to the position of 813 nm, as shown in Figure 2F . When the incident power was larger than 75 μW, the transmission of 813-nm incident light increased. The wavelength of 813 nm situated in the linear absorption band of the organic chromophore and around the surface plasmon resonance (SPR) peak of gold nanoparticles, as shown in Figure 1E and F. Therefore, the resonant excitation contributes to the nonlinearity enhancement of nano-Au:(IR140:MEH-PPV) cover layer. The excellent slow light effect (shown in Figure 2D ) around the transparency window also dedicates to the nonlinearity enhancement of nano-Au:(IR140:MEH-PPV) cover layer. Moreover, the strong field reinforcement of the nanocavity mode (shown in Figure 1C ) also contributes to the nonlinearity enhancement of nano-Au:(IR140:MEH-PPV) cover layer. This results in an extremely large nonlinear refractive index of nano-Au:(IR140:MEH-PPV), which is confirmed by our closed-aperture Z-scan measurement (shown in Figure 1G ).
To study the on-chip plasmon-induced transparency provided by the plasmonic composite nanocavity C2, we measured the linear transmission spectra of the plasmonic waveguide side-coupled plasmonic composite nanocavity C2 having the nano-Au:(IR140:MEH-PPV) cover layer by using the microspectroscopy measurement system [33] . The basic linear properties and physical mechanism are almost identical with that of C1. The measured linear transmission in Figure 3A implies the formation of plasmon-induced transparency, as shown in Figure 3B . The central wavelength and the peak transmission of the transparency window were 825 nm and 78%, respectively, matching the values calculated using the finite element method ( Figure 3C ). Similar with the nonlinear measurement methods of the plasmonic composite nanocavity C1, we also measured transmission changes with incident power of the whole nanocavity C1 structure at the wavelength of the 790 nm, located in the transmission minimum in the short wavelength, to study the all-optical tunability of the plasmon-induced transparency, and the measured results are shown in Figure 3D . The transmission of the incident light increased from 10% to 78%, while the incident power increased from 6 to 120 μW. The nanocomposite nano-Au:(IR140:MEH-PPV) has a negative value of nonlinear refractive index in the near-infrared range. Therefore, the refractive index n of the nanocomposite decreases with the increase in the photon energy, which lead to the blue shift in the nanocavity resonance frequency to the reduction in the refractive index of nanoAu:(IR140:MEH-PPV) with increasing signal power. As a result, the transparency window center shifts in the short wavelength direction, and subsequently, the incident light transmission decreases. When the incident power was 120 μW, the transparency window center shifted to the position of 790 nm, as shown in Figure 3E . When the incident power was larger than 120 μW, the transmission of an 813-nm incident light decreased. These indicate that the plasmon-induced transparency possesses excellent all-optical tunability under excitation of the signal light, itself.
To study the all-optical diode function, we measured transmission changes of the 795-nm incident light as a function of incident power in the plasmonic waveguide side-coupled plasmonic composite nanocavities C1 and C2 having the nano-Au:(IR140:MEH-PPV) cover layer for the C1-C2 propagation case, i.e. the signal light first propagating through the plasmonic composite nanocavity C1, and subsequently the plasmonic composite nanocavity C2, and the measured results are shown in Figure 4A . The transmission of the 795-nm signal light was less than 30% when the incident power increased from 6 to 200 μW. The wavelength of 795 nm situated near the transparency window center of the plasmonic nanocavity C1, and around the transmission minimum of the plasmonic nanocavity C2, as shown in Figures 2  and 3 . For the C1-C2 propagation case, the signal light first reaches the position of the plasmonic composite nanocavity C1, which results in a remarkable blue shift in the center wavelength of the transparency window of the plasmonic composite nanocavity C1 with an increase in the incident power of the signal light. The length of the plasmonic waveguide between the nanocavities C1 and C2 was 2 μm, as shown in Figure 1A . According to our calculation, by using the finite element method, owing to the intrinsic propagation losses of the plasmonic waveguide, the signal light power P2 reaching the position of nanocavity C2 was 0.7P1, where P1 is the signal power just passing the position of the nanocavity C1. As a result, limited by both the transmission properties of the nanocavity C1 and the propagation losses of the plasmonic waveguide, the signal light power reaching the position of the nanocavity C2 was reduced greatly. This results in a much smaller blue shift in the center wavelength of the transparency window of the plasmonic composite nanocavity C2 compared with that of the nanocavity C1, under excitation of an incident signal light. When the incident power increased from 6 to 85 μW for the C1-C2 propagation case, the transmission of the signal light increased from 10% to 20%, as shown in Figure 4A . When the incident power increased from 6 to 85 μW, the center region of the transparency window shifted to the position of 795 nm in the transmission spectrum of the plasmonic waveguide side coupled the nanocvity C1, as shown in Figure 4B . This results in that the signal power reaching the position of the nanocavity C2 increases with the increment of the incident power. When the incident power was 85 μW, the point B′ shifted to the position of 795 nm in the transmission spectrum of the plasmonic waveguide side-coupled the nanocvity C2, as shown in Figure 4C . This leads to a total transmission of 20% for the signal light propagating through the plasmonic microstructure. When the incident power increased from 85 to 145 μW for the C1-C2 propagation case, the transmission of the signal light decreased from 20% to 2.6%, as shown in Figure 4A . When the incident power increased from 85 to 145 μW, the position of 795 nm gradually reached the edge of the transparency window, which makes the signal power reaching the position of the nanocavity C2 smaller and smaller. When the incident power was 145 μW, the point C′ shifted to the position of 795 nm in the transmission spectrum of the plasmonic waveguide side coupled the nanocvity C2, as shown in Figure 4C , which leads to a very small total transmission for the signal light propagating through the plasmonic microstructure. When the incident power increased from 145 to 200 μW for the C1-C2 propagation case, the transmission of the signal light increased from 2.6% to 25%, as shown in Figure 4A . When the incident power increased from 145 to 200 μW, the wavelength of 795 nm reached the pass band of the nanocavity C2, which makes the signal power reaching the position of the nanocavity C2 increase with the increment of the incident power. When the incident power was 200 μW, the point D′, shifted to the position of 795 nm in the transmission spectrum of the plasmonic waveguide, side coupled the nanocvity C2, as shown in Figure 4C , which leads to a relatively large total transmission of the signal light propagating through the plasmonic microstructure.
We also measured that transmission changes of the 795-nm incident light as a function of incident power in the plasmonic waveguide side coupled the plasmonic composite nanocavities C2 and C1 having the nanoAu:(IR140:MEH-PPV) cover layer for the C2-C1 propagation case, i.e. the signal light first propagating through the plasmonic composite nanocavity C2 and, subsequently, the plasmonic composite nanocavity C1, and the measured results are shown in Figure 4A . When the incident power increased from 6 to 120 μW for the C2-C1 propagation case, the transmission of the signal light increased from 10% to 90%. For the C2-C1 propagation case, the signal light first reaches the position of the plasmonic composite nanocavity C2, which results in a remarkable blue shift in the center wavelength of the transparency window of the plasmonic composite nanocavity C2 with an increase in the incident power of the signal light. With the increase in the incident power, the transparency window center provided by the nanocvity C2 shifted toward the position of 795 nm, as shown in Figure 4D , which makes the signal light power reaching the position of nanocavity C1 increase with the increment of the incident power. When the incident power increased from 6 to 120 μW, even though the transparency window provided by the nanocavity C1 shifted in the short-wavelength direction, the wavelength of 795 nm still situated with the region near the transparency window center, as shown in Figure 4E . Therefore, the final transmission of the signal light propagating through the plasmonic microstructure increased with the increment of the incident power. When the incident power increased from 120 to 200 μW for the C2-C1 propagation case, the transmission of the signal light decreased from 90% to 40%. When the incident power increased from 120 to 200 μW, the transparency window center provided by the nanocvity C2 shifted away from the position of 795 nm, as shown in Figure 4D , which makes the signal light power reaching the position of nanocavity C1 decrease with the increment of the incident power. Moreover, when the incident power increased from 120 to 200 μW, the transparency window center provided by the nanocvity C1 also shifted away from the position of 795 nm, as shown in Figure 4E . This makes the transmission of the signal light propagating through the plasmonic microstructure decrease with the increment of the incident power. Therefore, for a 145-μW, 795-nm incident light, the transmission was 82% for the C2-C1 propagation case and 2.6% for the C1-C2 propagation case, which ensures that a transmission contrast ratio of 15 dB was obtained. An ultralow threshold incident light power of 145 μW (corresponding to a threshold intensity of 570 kW/cm 2 ) was realized, which is reduced by seven orders of magnitude compared with previous reports [15] [16] [17] [18] [19] [20] . An ultrasmall feature size of 2 μm was obtained simultaneously.
The operating wavelength of the diode action, i.e. 795 nm, dropped in the linear absorption band of IR140, was far away from the linear absorption band of MEH-PPV and was close to the SPR resonance wavelength of the gold nanoparticles, as shown in Figure 1F . Liebig et al. have pointed out that IR140 was an excellent saturable absorber under excitation of a femtosecond laser beam having a wavelength ranging from 650 to 900 nm, thus, widely used in passively mode locked Ti:sapphire laser systems [41] . Boni et al. also pointed out that MEH-PPV had a small value of two-photon absorption cross-section around 800 nm, about 4 × 10 −47 cm 4 s/ photon, while a maximum two-photon absorption crosssection located at 600 nm [42] . Grabar et al. also noted that the nonlinear absorption of gold nanoparticles could be neglected under SPR resonant excitation [34] . Moreover, the guided SPP mode was mainly confined in the nanogroove region and extended into the upper multicomponent nanocomposite nano-Au:(IR140:MEH-PPV) cover layer, as shown in Figure 1C . This means that only a small part of the incident light could reach the nano-Au:(IR140:MEH-PPV) cover layer. According to our measurement, the influences of the nonlinear absorption of IR140, MEH-PPV, and gold nanoparticles on the power reduction of the signal light propagating in the plasmonic circuits could be neglected [43] . Therefore, the nonlinear absorption of IR140, MEH-PPV, and gold nanoparticles can be ruled out at the operating wavelengths of the all-optical diode, and the diode action was very robust against the nonlinear effects like nonlinear absorption.
In conclusion, we have experimentally realized that an ultracompact chip-integrated all-optical diode is realized in a plasmonic microstructure etched in plasmonic circuits directly. An ultralow threshold incident light power of 145 μW is realized, which is reduced by seven orders of magnitude compared with previous reports. An ultrasmall feature size of 2 μm and a transmission contrast ratio of 15 dB are obtained simultaneously. This work not only provides an on-chip platform for the foundational study of nonlinear optics and quantum optics but also paves the way for the realization of ultrahigh-speed information processing chips based on plasmonic circuits.
